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ABSTRACT: Clear findings relative to where in the brain the starting point of voluntary swallowing is con-
trolled were obtained in the present magnetoencephalographic study. Namely, the cerebral activity was
observed in the cingulate gyrus and supplementary motor area for about 80 ms between 1,000 and
1,500 ms before swallowing in all test subjects. Thus, it is clear that this type of central control mecha-
nism also plays an important role in complicated swallowing movements.
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It is reported that physiological swallowing movementstarts voluntarily from swallowing in the oral phaseprior to pharyngeal swallowing, and it has been
demonstrated that pharyngeal swallowing is also influ-
enced by the higher central nervous system.1,2 However,
because the subjects in those reports were animals, the
experimental data cannot be applied to humans with
higher cerebral functions. Recently, positron emission
tomography (PET),3,4 functional magnetic resonance
imaging (f-MRI),5-7 and electroencephalography (EEG)8
have been frequently used to study human cerebral func-
tions. Furthermore, due to the development of magne-
toencephalography (MEG),9 in which electrical activities
in the human cerebral cortex can be measured noninva-
sively with high spatial and temporal resolutions, the esti-
mation of the localization of the trigger functions in the
cerebral cortex has become possible. This study investi-
gates whether the decision to drink is made just before
swallowing, using a 306-channel whole-head neuromag-
netometer.
Materials and Methods
The subjects were three right-handed healthy adults
with no disorders of their oral functions. Each subject
held a syringe containing mineral water, and a tube was
extended and fixed into the oral cavity so that the subject
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could control the transfer of the mineral water into the
oral cavity. Using a 306-channel whole head SQUID
(superconducting quantum interference device) neuro-
magnetometer (Vectorview, Neuromag Inc., Helsinki,
Finland), we obtained a whole magnetic field from 102
points on the skull and then determined the first deriva-
tives of two directions (longitudinal and latitudinal) per-
pendicular to this magnetic field. The trigger was the
electromyogram produced by stimulation of the venter
anterior of the digastric muscle with a surface electrode,
i.e., the rise of integral waveforms was considered the
starting point of movements. All responses were digitized
at a sampling rate of 601 Hz. Then, a small amount of
mineral water (about one cc) was transferred from the
syringe into the oral cavity, and after placing the water on
the tongue for at least five seconds, each subject swal-
lowed the water by consciously controlled drinking
(Figure 1). MEG signals obtained during the period from
minus 2,500 ms to plus 500 ms from the onset of the
EMG signal were averaged. Each subject was asked to sit
on a chair in a magnetically shielded room, close their
eyes, and not move their eyeballs. The data were ana-
lyzed every five seconds to extract time periods with a
GOF (goodness of fit) value greater than 80%. Next, we
analyzed the cortical distribution and time course of the
slow magnetic field accompanying swallowing, and
determined the location of the equivalent current dipole
on the MRI.
Results
The above-mentioned water swallowing procedure
was repeated 50 times, and the cerebral magnetic field
from 2,500 ms before swallowing to 500 ms after swal-
lowing was added to improve the S/N ratio (Figure 2).
These data were analyzed every five ms to extract time
periods with a GOF value of more than 80%.10,11 GOF
values greater than 80% indicated a fairly high probabil-
ity of the presence of magnetic field sources. Based on an
average of five measurements, the GOF values were
greater than 80% at 1,405-1,479 ms before swallowing
for the first subject; 1,335-1,419 ms before swallowing
for the second subject; and 1,170-1125 ms before swal-
lowing for the third subject.
We estimated the locations of magnetic field sources
for the time periods with GOF values greater than 80%
and compared these with MRI scans. It was estimated
that dipoles were located in the cingulate gyrus and sup-
plementary motor area. Also, it was estimated that dipoles
were located in both the left and right hemispheres. This
finding was the same in all three subjects (Figure 3).
Discussion
In the present study, water was placed on the tongue of
each test subject, then the subject was asked to wait at
least five seconds, and lastly the subject consciously
swallowed the water with a certain rhythm. There were
some time differences in the swallowing rhythm (a series
of movements from consciously thinking about drinking
to actually starting to drink) among the test subjects, but
these differences did not affect the outcome of the study.
Our intention was to perform MEG to clearly ascertain
where the conscious control of drinking is organized.
Each test subject spent some time practicing the above-
mentioned water swallowing procedure so that he/she
could consciously swallow water with a certain rhythm.
In a preliminary study, MEG was also recorded after
swallowing, but we were mainly interested in estimating,
with a high degree of probability, electrical activity
sources in the cerebral cortex more than 1,000 ms before
swallowing. This activity only lasted for a limited time,
and thus the source could not be estimated before or after
that time. Therefore, we analyzed magnetic field sources
and electrical activity present in the cerebral cortex 1,000
ms before swallowing.
The results of animal studies have identified the area
involved in the central control of swallowing movements.
Narita, et al.12 cooled the mastication area and the swal-
low cortex which overlaps the mastication area, and doc-
umented the following: decreases in masticating and
Figure 1
Photograph showing how the experiment was done and the equipment
used.
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swallowing movements; impairment of the masticating
rhythm formation; and reduced masseter muscle activi-
ties. Also, the results of a study in which the left and right
mastication areas of rabbits were excised showed that the
transition from masticating to the early stage of swallow-
ing was difficult. In these studies, the cortical area that is
directly involved in masticating and swallowing was
identified.13 However, the methodologies were not suffi-
cient to identify the starting point of voluntary swallow-
ing; i.e., conscious swallowing. Due to the recent advances
in neuromagnetometers, their temporal resolution is as
high as that of electroencephalographs, and when a signal
Figure 2
The swallowing trigger time was regarded as 0 ms, and all changes in the magnetic field in the cerebral cortex between 2,500 ms before swallowing
and 500 ms after swallowing were overlapped. Slight changes (negative slope) started 500 ms before swallowing began. Greater changes in the
magnetic field occurred during swallowing. The nerve activity sources were estimated at a high probability in the cingulate gyrus and supplementary
motor area between 1,500 ms and 1,000 ms before swallowing (Subject 2).
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Figure 3
Overlapping of the nerve activity sources on MRI images. A: Frontal cross-section; B. Sagittal cross-section. A nerve activity source was estimated
to be present at the position indicated by an arrow which may be in the cingulate gyrus. (Estimation on the MR image of the nerve activity sources
1,405 ms before swallowing in Subject 2.)
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source is localized, spatial resolution is also high.14 We
utilized these properties of neuromagnetometers to iden-
tify the starting point of voluntary swallowing6 and were
able to show that intracerebral processes involved in
swallowing activities, including those within the swal-
lowing cortex, could be located using the present method.
In the present study, it was estimated that a dipole was
present in the cingulate gyrus 1,000-1,500 ms before
swallowing. The cingulate gyrus belongs to the old cortex
and forms a section of the limbic system.15 It is reported
that the cingulate gyrus differentiates from the hippocam-
pus during embryological development, and thus devel-
ops into the supplementary motor area. Thus, based on
memory from the hippocampus for swallowing and the
item about to be swallowed, subsequent reaction sorting
may be performed in the cingulate gyrus. At that point
requests, in the form of recognition and movement, are
transmitted to the supplementary motor area to prepare
for swallowing.
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